Abstract -Ovonic threshold switching (OTS) selector is a promising candidate to suppress the sneak current paths in resistive switching random access memory (RRAM) arrays. Variations in the threshold voltage (V th ), and the hold voltage (V hd ) have been reported, but a quantitative analysis of the switching probability dependence on the OTS operation conditions is still missing. A novel characterization method is developed in this letter, and the time-to-switch-ON/OFF (t ON /t OFF ) at a constant V OTS is found following the Weibull distribution, based on which the dependence of switching probability on pulse bias and time can be extracted and extrapolated, and the switching probability can be ensured with appropriately chosen operation conditions. The difference between square and triangle switching pulses is also explained. This provides a practical guidance for predicting the switching probability under different operation conditions and for designing reliable one-selector-one-RRAM (1S1R) arrays.
remains very low. As V OTS reaches a critical threshold voltage (V th ), the device rapidly switches to the on-state that exhibits a small on-resistance less than 1k ohm [2] . The device remains at the on-state when V OTS is above a critical hold voltage (V hd ), below which the current is reduced rapidly and device is reversed back to the off-state. It is always desirable that OTS operation voltages match that of RRAM to enable the one-selector-one-RRAM (1S1R) operation, and the OTS switching time is also expected to match that of RRAMs, which can be in the order of nanoseconds [9] . The statistical analysis of the OTS switching voltage and switching time and their correlation is therefore critically important for choosing suitable operation conditions for the 1S1R structure. Despite recent efforts in tuning the material composition and process to improve the performance [10] - [15] , an experimental characterization method is still lacking for quantitatively evaluating the switching probability and its dependence on the operation conditions, which is the essential information required for designing the 1S1R array.
In this work, we report a novel method to record the switch-on and -off events either at a constant bias or during the rise/fall pulse edges. It is observed that the time-to-switchon/-off (t on /t off ) at a constant bias follow the Weibull distribution, and V th and V hd measured on the pulse edge follow the normal distribution. In both cases, the statistical switching probability is found dependent on both the pulse bias and time. The operation conditions that ensure a switching probability of 99.7%, equivalent to the 3σ of a normal distribution, can be extracted through extrapolation. This provides a guidance 0741-3106 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. for predicting and choosing switching conditions for reliable 1S1R operations.
II. DEVICE AND CHARACTERIZATION
Amorphous Ge x Se 1−x films are prepared by room temperature physical vapor deposition (PVD). TiN/GeSe/TiN selector devices were integrated in a 300 mm process flow, using a pillar (TiN) bottom electrode which defines the device size down to 50 nm. A Ge x Se 1−x chalcogenide films control from 20 nm down to 5 nm thickness was achieved and passivated with a low-temperature BEOL process scheme, as shown in Fig.1c . Three different waveforms have been developed in this work: (1) A triangle pulse to record the I-V, V th and V hd during switching, as shown in Fig.1b . (2) A constant bias square pulse to record the time-to-switch-on, as shown in Fig. 2a . (3) A more complex waveform consisting a triangular segment to firstly switch on the device, followed by a constant bias segment to record the switch-off events, as shown in Fig. 2c . In this work, the device size is 65 nm, the Ge x Se 1−x thickness is 10 nm and x = 0.4. The fast I-V characterization in this work is carried out with a Keysight B1530A Waveform Generator/Fast Measurement Unit (WGFMU) embedded in a B1500A semiconductor analyzer.
III. RESULTS AND DISCUSSIONS
Square pulses are usually used to program the RRAM and selector devices. In Fig. 2b, d , an OTS device is switched on and off by a square pulse for 100 cycles and the I-t waveforms are measured and plotted together. It is observed that the time-to-switch-on (t on ) recorded at the constant pulse top bias of 2.8 V spreads over a wide time range. In some cycles, the device is already switched-on on the rising edge before the bias reached 2.8V; in many cycles the device is switched-on at 2.8 V with various t on during the pulse; and in other cases, the device has not switched on till the end of the pulse. It is found that t on follows the Weibull distribution, as shown in Fig. 3a . The switch-on events occurred on the rising edge and those beyond the pulse duration cannot be measured accurately due to the limitation of B1530A's measurement resolution. By following the Weibull distribution, however, these data points can be extrapolated using the Weibull plot, as also shown in Fig.3a . It is found that t on spreads over 5 orders of magnitude.
The t on /t off distribution are examined by the Weibull plot which is widely used in industries and can be described as,
where F(x) is the empirical cumulative distribution function, λ is the scale parameter and k is the shape parameter [16] , [17] . It is also observed that there is a consistent trend that the t on gradually decreases as V OTS increases, as shown in Fig.3a . t on at different biases follows the Weibull distribution with the same slope, shifting towards shorter t on at higher V OTS . The dependence of t on on V OTS is clearly shown in Fig.3b . A 99.7% switching-on probability, equivalent to the 3σ of the normal distribution (t on,3σ ), can be obtained via a linear extrapolation. The pulse duration that ensure this switch-on probability decreases linearly against bias in the log-linear scale. An increase of bias by 0.2V will lead to a t on,99.7% decrease by nearly two orders. V OTS of 3.5 V is needed in order to achieve a t on of 10 ns with 99.7% of probability by a linear extrapolation.
Similarly, the switch-off process follows the same trend but in the opposite direction, as shown in Fig. 4 . A lower V OTS leads to a shorter time to switch off the device, and t off also follows the Weibull distribution, spreading over a range of 4 orders of magnitude with a steeper slope than that of t on . The dependence of t off on V off is clearly shown in Fig. 4b , in which the pulse duration that ensures a 99.7% switching-off probability decreases linearly when the bias decreases in the log-linear scale. A decrease of bias by 0.2 V will lead to a t off,99.7% decrease of more than 4 orders. V off of 1.5 V is already sufficient to achieve a t off of 10 ns with 99.7% of probability. Since the bottom bias of a square pulse, V off , is normally 0 V, much lower than 1.5 V, the extrapolated t off,99.7% at 0 V is much shorter than 1 ps, therefore the switch-off is a much faster process than switch-on. The statistical distribution of t off observed in Fig.4 is not a concern for OTS operations.
Triangular pulses are also commonly used to monitor the volatile switching in time domain for OTS selectors, as it enables the incremental I-V measurement in both forward and backward sweeps [3] . The impact of rise/fall time of the triangular pulse on V th and V hd is investigated in this work by switching the device with varying rise/fall times in a sequence of 1 μs, 10 μs, 100 μs, 1 ms and then 1 μs again. For each rise/fall time, the device is cycled 100 times. It is observed in Fig. 5a&b that, as t rise/fall increases from 1 μs to 1 ms, the V th decreases while V hd increases. In the last 1 μs test, both the V th and V hd agree well with those in the first 1 μs test, supporting that there is negligible degradation during the cycling and the V th decrease and V hd increase are caused by slower rise/fall speed.
The distribution and the extracted 3σ value of V th and V hd are shown in Fig. 5b and 5c and the trend agrees with that of the square pulse obtained in Fig. 3b & 4b. A comparison between the t on /t off of square pulses and t rise /t fall of triangular pulses in Fig. 5d shows a reasonably good agreement at shorter times. The larger deviation at slower triangular edges can be explained as follows. Since the switching on and off are predominantly controlled by the bias and its duration within the V∼V th and V∼V hd range, respectively. For slower triangle sweeps, a longer part of the edge time, which is below V∼V th for switching-on and above V∼V hd for switching-off, respectively, has negligible impact, and its actual switching time is much shorter. Hence, it needs a larger bias for switching-on and a smaller bias for switching-off in order to achieve the same switching time as the corresponding square pulse shown in Fig. 5d . This supports that the t on /t off measurement at constant biases is a reliable method to evaluate the operation conditions.
The stochastic Weibull distribution of t on /t off and the tradeoff between the bias and time can be explained by the conductive filament formation/deformation during switch-on/off [8] . The extrapolations toward the switching speed at 10 ns with 99.7% switching probability agree reasonably well for both pulse waveforms. Switch-off is a much faster process, so that t off is not a concern for OTS operations. On the other hand, it is critical to meet the switch-on voltage and time conditions based on the statistical analysis presented in this work in order to ensure the switching probability of OTS selector.
IV. CONCLUSIONS
A novel method is presented in this work, for the first time, to evaluate the dependence of switching probability on the operation conditions in Ge x Se 1−x OTS selectors. The time-toswitch-on/-off at a constant bias follow Weibull distribution, and V th and V hd measured on the pulse edge follow normal distribution. The statistical switching probability is found dependent on both the bias and time. The operation conditions that ensure a switching probability of 99.7%, equivalent to the 3σ of a normal distribution, can be extracted through extrapolation, providing a guidance for predicting and choosing switching conditions for reliable 1S1R operations.
